Introduction
The commercial development of therapeutic monoclonal antibodies commenced in the early 1980s, and by 1986 the first therapeutic monoclonal antibody, Orthoclone OKT3, was approved for prevention of kidney transplant rejection. Since the approval of OKT3, therapeutic monoclonal antibodies and antibodyrelated products such as Fc-fusion proteins, antibody fragments, and antibody-drug conjugates (collectively referred to hereafter as monoclonal antibody products) have grown to become the dominant product class within the biopharmaceutical market. Monoclonal antibody products today are approved for the treatment of a variety of diseases, ranging from those that treat patient populations of a few thousand or less for such orphan indications as paroxysmal nocturnal hemoglobinuria or the cryopyrinassociated periodic syndromes to those treating hundreds of thousands of patients for some cancers and multiple sclerosis or even millions of patients for diseases such as asthma and rheumatoid arthritis.
Growth of the Monoclonal Antibody Market
Following the approval of the first monoclonal antibody product in 1986, sales growth and approval of additional products was slow until the late 1990s when the first chimeric monoclonal antibodies were approved. With the approval of these products, followed by the approval of humanized and then fully human monoclonal antibodies, the rate of product approvals and sales of monoclonal antibody products has increased dramatically so that in 2013, global sales revenue for all monoclonal antibody products was nearly $75 billion, 1 representing approximately half of the total sales of all biopharmaceutical products. The continued growth in sales of the currently approved monoclonal antibody products, along with the over 300 monoclonal antibody product candidates currently in development, many for multiple indications, 1,2 will result in continued growth in sales of monoclonal antibody products in the coming years and will continue to drive the overall sales of all biopharmaceutical products.
As shown in Figure 1 , the number of monoclonal antibody products approved for commercial sale in the US and Europe has grown steadily, with three to five new products approved per year for the last several years. While a total of fifty-eight monoclonal antibody products have been approved in Europe and/or the US since 1986, eleven of these products have been withdrawn for various reasons, leaving forty-four approved monoclonal antibody products currently on the market ( Table 1) . Of the fortyseven monoclonal antibody products approved and marketed in the United States and Europe as of November 10, 2014, 1, 3, 4 three are produced in E. coli while all of the other products are produced in mammalian cells. Of the products produced in mammalian cell culture, thirty-one are full-length naked monoclonal antibodies; one is a bispecific antibody, two are antibodydrug conjugates, one is a radio-labelled antibody conjugate, one is an antigen-binding fragment (Fab), and eight are Fc-fusion proteins containing the antibody constant region fused to another non-antibody-related protein domain. Two of the three products produced in E. coli are Fabs while the third is an Fcfusion protein. Of the full length monoclonal antibodies, we consider Prolia and Xgeva as two separate products even though they are manufactured from the same biologically active substance. This decision is based on the fact that Prolia and Xgeva are presented in different formulations and container/closure systems, and separate Biological License Applications (not Supplemental Applications) were filed in the US for each. The list of forty-seven approved monoclonal antibody products also includes the first biosimilar monoclonal antibodies approved in Europe, Inflectra and Remsima. The bulk monoclonal antibody used to produce these biosimilars is manufactured by a single supplier (Celltrion), however, we consider them as separate products since the final drug product for each is manufactured by a separate entity and two separate manufacturers are responsible for final batch release of the products. Furthermore, separate European Marketing Authorization Applications were submitted for each product.
Based on a review of historical success and turnover rates (i.e., the length of time required for a product to move from one stage of development to the next) of biopharmaceutical product development candidates, »26% of the monoclonal antibody products entering Phase 2 human clinical trials in recent years will ultimately achieve market approval with an average time from the start of Phase 2 clinical trials to approval of » seven years. [5] [6] [7] Given the large number of monoclonal antibody candidates currently in development, we expect that the number of products approved each year for the coming years will be approximately the same or more than it has been for the last several years. In fact, as of November 10, six monoclonal antibody products were granted first approvals in 2014, with approval decisions for at least two additional products likely to be announced by the end of this year. Based on an approval rate of approximately four monoclonal antibody products per year, we anticipate that there will be 70 or more monoclonal antibody products on the market by 2020.
Along with a higher approval rate than other biopharmaceutical products, global sales of monoclonal antibody products have grown faster than these other products for the past five years. Figure 2 shows the breakdown of sales for monoclonal antibody products based on the product type (e.g., full length antibody, antibody conjugate, antibody fragment, etc.) and production system (e.g., mammalian cell culture, microbial fermentation). As seen from these data, sales of all monoclonal antibody products, regardless of the production system, have grown from »$39 billion in 2008 to almost $75 billion in 2013, a 90% increase. By comparison, sales of other recombinant protein therapeutics have only increased »26% in the same time period.
Corresponding to the increasing sales of monoclonal antibody products, there has been an increase in the total quantities of these products produced annually to meet the market demand. As shown in Figure 2 , nearly 10 metric tons of monoclonal antibody products were produced in 2013 compared to »8.6 metric tons of all other recombinant protein products. The demand for monoclonal antibody products has resulted in a significant amount of global manufacturing capacity devoted to their production as well as to significant improvements in methods and approaches to monoclonal antibody manufacturing process design and optimization. [8] [9] [10] [11] [12] The forty-seven monoclonal antibody products on the market in the US and Europe as of November 10, 2014 are listed in Table 1 . In 2013, eighteen of these monoclonal antibody products (Humira, Remicade, Enbrel, Rituxan, Avastin, Herceptin, Lucentis, Erbitux, Synagis, Eylea, Soliris, Tysabri, Stelara, Xolair, Orencia, Simponi, Actemra, and Xgeva) achieved annual sales of over $1 billion, while six of these products (Humira, Remicade, Enbrel, Rituxan, Avastin, Herceptin) had sales of greater than $6 billion. Humira, recorded sales of nearly $11 billion, the highest sales figure ever recorded for a biopharmaceutical product.
To further highlight the growth in sales of monoclonal antibody products during the last ten years, the sales growth profiles of the top six selling monoclonal antibody products (Humira, Remicade, Enbrel, Rituxan, Avastin, Herceptin) are compared to those of the two top-selling, recombinant protein products produced in mammalian cell culture (the cytokines Avonex and Rebif) in Figure 3 . The average compound annual growth rate for these six monoclonal antibody products over this period is 20% while that of the two mature recombinant protein products was essentially flat.
Based on a review of historical sales data, company annual reports, and sales projection data collected by BioProcess Technology Consultants in our proprietary bioTRAK Ò database, we forecast that the monoclonal antibody market will continue to grow at a CAGR of 8% or more for the next several years. At this growth rate, sales of currently approved monoclonal antibodies plus sales from new products approved in the coming years will drive the world-wide sales of monoclonal antibody products to »$94 billion by 2017 and nearly $125 billion by 2020. Our projections are consistent with those of others, such as a recent report from BCC Research that predicts the market for monoclonal antibody products will be nearly $90 billion by 2017. 13 
Factors Contributing to Growth of the Monoclonal Antibody Market
The continued interest in antibody product development is partially driven by the rapid advancement of our understanding of disease at a molecular level. Although failing to meet some observers' initial high expectations, genomics, proteomics and other systems biology tools continue, in fact, to provide important new targets for modulating disease.
14 Monoclonal antibody products often provide the most rapid route to a clinical proofof-concept for activating, inhibiting, or blocking these new targets. Since the production of most monoclonal antibody products is easily amenable to efficient platform-based approaches and antibodies are generally well-tolerated and highly specific, the risk of unexpected safety issues in human clinical trials of monoclonal antibody products is lower than with many other types of therapeutic products. Therefore, for many of these novel targets, monoclonal antibody products are often the first product candidates advancing to clinical trials. If the initial proof-ofconcept studies with these products are successful, they can move rapidly towards commercialization, providing a "first-to-market" advantage. Also fueling the growth in monoclonal antibody product sales is the global market expansion of the pharmaceutical market in general resulting from the increasing and aging worldwide population and the increasing standard of living in emerging markets. 15 In addition, the continued evaluation of monoclonal antibody products in new and expanded clinical indications results in continued demand for product for clinical studies subsequent sales in newly approved indications.
As the biopharmaceutical industry matures, the number and types of diseases that will be economically treated with monoclonal antibody products will increase. Driven in part by the need for cost-effective supply of large quantities of products for such cost-sensitive indications as rheumatology and asthma, 16 recent improvements in monoclonal antibody production technologies have substantially improved process yields and reduced actual manufacturing costs. [17] [18] [19] [20] As a result, there is an ever-increasing opportunity for these products to penetrate more cost-sensitive indications and markets.
As the patents providing exclusive rights to many of the high-profile and blockbuster monoclonal antibody products expire, there has been a growing interest in the development of biosimilars. In September 2013, the first biosimilar monoclonal antibodies, sold under the brand names Remsima and Inflectra, were approved for commercial sale in Europe. These biosimilar versions of the blockbuster monoclonal antibody product Remicade are the first of many biosimilar monoclonal antibodies that will undoubtedly be approved for commercial sale in the US and Europe. Although the current impact of these and other biosimilar monoclonal antibody products in US and European biopharmaceutical marketplace cannot be gauged at this early stage, we anticipate modest acceleration of the sales growth of all monoclonal antibodies as these biosimilar products gain market acceptance. There is also a surging interest in biosimilar monoclonal antibodies in the global markets of Latin America, China, Southeast Asia, India, and Russia, with several monoclonal antibody products already approved in these regions. The introduction of biosimilars in these markets is likely to have a very large impact on the global sales of monoclonal antibody products as biosimilar monoclonal antibodies are approved in geographies that are currently unable to access expensive innovator products. 
Conclusion
As the development and commercialization of monoclonal antibody products continues with no limit in sight, lessons learned from the early monoclonal antibody product development, along with the use of advanced and novel technologies for their production and the increasing familiarity of global regulatory authorities with therapeutic monoclonal antibody products, will contribute to their continued dominance as the major class of biopharmaceutical products worldwide.
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